Objectives: Although low-dose computed tomography has been confirmed to have meaningful diagnostic utility, lung cancer is still the leading cause of cancer-related deaths for both genders worldwide. Thus, a novel panel with a stronger diagnostic performance for lung cancer is needed. This study aimed to investigate the efficacy of a new panel in lung cancer diagnosis. Materials and Methods: The serum levels of carcinoembryonic antigen (CEA), cancer antigen 125 (CA125) and seven autoantibodies were measured and statistically analyzed in samples from healthy controls and patients with lung cancer. The 316 candidates enrolled in this study were randomly assigned into two groups for the training and validation of a diagnostic panel.
Introduction
Due to its high incidence rate and poor prognosis, lung cancer, as the leading cause of cancer-related mortality worldwide, 1 has become a serious and growing disease burden throughout the world. The National Lung Screening Trial (NLST), which enrolled 'at-risk' individuals, demonstrated that low-dose computed tomography (LDCT) could reduce relative lung cancer mortality by 16% to 20%; 2 however, the dismal fact is that the proportion of lung cancers in advanced stages remains higher than that in early-stages. 1, 3 Furthermore, the LDCT screening project had some limitations, including health effects due to high false-positive results, radiation-associated risksand significant economic costs. 4, 5 Therefore, scientific research aimed to develop a more reliable diagnostic modality to identify earlystage lung cancer is an urgent priority.
Compared with LDCT, blood biomarkers have the advantages of repetitive operation and serial monitoring in lung cancer detection. The clinical value of common biomarkers, carcinoembryonic antigen (CEA) and cancer antigen 125 (CA125), carrying indicative information of lung cancers has been established; [6] [7] [8] however, studies found that these individual markers have low sensitivity or increasing sensitivity at the cost of specificity. [9] [10] [11] Correspondingly, effective diagnostic biomarkers that complement these traditional blood tests for lung cancer detection are essential.
Recently, a humoral immune system response against tumorassociated antigens (TAAs) has been documented with increasing evidence. In particular, a cancer-specific humoral response was evident in the sera of individuals, permitting the discovery of disease earlier than that possible with radiographic detection. 12 Autoantibodies (AAbs) can be detected earlier than TAAs, and they are also more stable in serum samples, clearly indicating their advantages in the diagnosis of lung cancer. 13 For instance, Autoantibody to Annexin A1 was reported significantly higher in lung cancer patients than healthy controls; 14, 15 Alpha enolase, expressed on the surface of cancer cells, was closely correlated with cell glycolysis, growth, migration, and invasion in non-small cell lung cancer (NSCLC) through FAK-mediated PI3K/AKT pathway, 16 and the correlation between Alpha enolase-Ab and tumor progression of lung and breast cancer patients has suggested that Alpha enolase-Ab may be a potentially useful marker for monitoring the staging of cancer patients. 17 PGP 9.5, a key regulator to promote tumor cell invasion, 18 was highly expressed in primary lung cancers instead of normal lung issue and strongly associated with tumor cancer pathological stages 19, 20 making it a tumor-associated antigen for lung cancer screening and diagnosis. 21 Because of the strong immunogenicity of Cancer/ testis antigen 1, 22 performance of Cancer/testis antigen 1-Ab in lung cancer diagnosis was superior. 23, 24 Autoantibody reactivity targeted to 14-3-3 protein theta in sera of lung cancer patients was significantly greater compared with controls, and the serum autoantibody could be detected months earlier prior to the diagnosis of lung cancer. 25 Fructose-bisphosphate aldolase A as a prognostic marker in lung cancer correlated with poor prognosis and the epithelial-mesenchymal transition (EMT) process highly, 26, 27 suggesting the detection of Fructose-bisphosphate aldolase A-Ab is of potentiality in the diagnosis of lung cancers. Autoantibody to cellular tumor antigen p53 is of close correlation with TP53 mutations and could appear before the cancer diagnosis. 28 Currently, identifying a combination of biomarkers and/or clinical parameters for the diagnosis of lung cancers is of interest; 29, 30 Based on previous studies, 25, 31, 32 occurrence of autoantibodies to tumor antigens in lung cancer sera has been presented; thus, seven tumor-associated antigens (Annexin A1, Fructose-bisphosphate aldolase A, Alpha-enolase, PGP 9.5, 14-3-3 protein theta, Cancer/testis antigen 1, Cellular tumor antigen p53) that are closely correlated with tumor cell glycolysis, growth, invasion, migration and prognosis [14] [15] [16] 18, [26] [27] [28] were firstly analyzed in combination with CEA and CA125 to develop and optimize a mixed diagnostic panel in our study.
Results

Random selection and assignment of the study population
To avoid selection bias, 316 candidates were equally divided into two cohorts (158:158) randomly according to the randomized digital table. Although case matching was not performed in our study, however, no significant differences of basic characteristics were found between the two groups ( Table 1) . On the other hand, the proportion of subjects with a history of smoking was relatively high in both cohorts: 87.3% and 88.6% in the training and validation cohorts, respectively.
Levels of single biomarkers in the training and validation cohorts
Comparisons of single biomarkers in lung cancer patients and healthy controls were conducted in the two cohorts. In the training group, significantly increased levels of seven tested autoantibodies (p< .05) and two protein markers (CEA and CA125; p< .05) were observed in cancer patients compared with healthy controls. Additionally, the levels of PGP 9.5-Ab, Annexin A1-Ab, CEA and CA125 were significantly higher in cancer patients than those of healthy controls in the validation group (p< .05) ( Figure 1) .
A ROC was generated for each autoantibody and tumor protein using the training group data to demonstrate individual diagnostic performance (Figure 2a ). The lowest performance for discriminating lung cancer patients from healthy controls was found for the autoantibody against Alpha enolase, which exhibited an AUC of 0.619 (95%CI: 0.526-0.712); meanwhile, CEA had the highest diagnostic ability with an AUC of 0.835 (95%CI: 0.772-0.898).
Establishing the diagnostic panel
A new combined diagnostic panel was established according to the results of the logistic regression analysis of the training cohort (Appendices Table A1 ). This analysis revealed that autoantibodies against Alpha enolase and Annexin A1 were significant variables to predict the diagnosis of lung cancers (p< .001). In addition, CEA (p< .001) and CA125 (p= .044) were included in the final model due to their diagnostic value ( Table 2) ).
Analysis of diagnostic performance and validation of the new model
To study the diagnostic value of our model, we compared its performance with existing markers (CEA and CA125) in three disparate groups ( Table 2) .
The comprehensive performance of the diagnostic model in the training group (AUC: 0.897, 95%CI: 0.848-0.946) was significantly better than that of CEA (AUC: 0.835, 95%CI: 0.772-0.898) and CA125 (AUC: 0.728, 95%CI: 0.649-0.807) (p< .05). A YI of 0.688 was used to select a cut-off value of 0.492, and the model had a sensitivity of 86.5%, a specificity of 82.3%, a PPV of 88.3%, an NPV of 79.7%, and a diagnostic accuracy of 84.8%.
In the validation group, ROCs of the panel and two other protein markers were generated and statistically analyzed ( Figure 2b ). The diagnostic panel was validated (AUC: 0.856, 95%CI: 0.798-0.914), and it performed significantly better than CEA (AUC: 0.769, 95%CI: 0.695-0.842) and CA125 (AUC: 0.736, 95%CI: 0.659-0.813) in the detection of lung cancers (p< .05). With a cut-off value of 0.492, the sensitivity, specificity, PPV, NPV and diagnostic accuracy of the panel were 87.5%, 60.3%, 69.3%, 82.5% and 74.1%, respectively.
The multiple-variables model was further analyzed in two cohorts with 316 candidates, yielding an AUC of 0.866 (95%CI: 0.826-0.905) and demonstrating statistically a diagnostic advantage over CEA (AUC: 0.797, 95%CI: 0.749-0.846) and CA125 (AUC: 0.729, 95%CI: 0.674-0.784) (p< .001) ( Figure 2c ) in the discrimination of lung cancers from healthy controls. In the entire cohort, the diagnostic model had a sensitivity of 85.8%, a specificity of 70.0%, a PPV of 77.8%, an NPV of 79.5% and a diagnostic accuracy of 80.0% (Appendicies Table 2 ). Moreover, a second model that included only CEA and CA125 was established based on the same training cohort for pairwise comparison with our primary model using the two groups. In the training group, the AUC of the equation (P = EXP/[1+ EXP], EXP = e (−1.973+0.016*CA125+0.241*CEA) ) was 0.846 (95%CI: 0.848-0.946) (Figure 2d ), a value significantly smaller than that of our primary model (0.897, 95%CI: 0.848-0.946) (p= .0061). Similarly, in the validation group, the AUC of the second model (0.797, 95%CI: 0.725-0.856) ( Figure 2e ) was inferior compared to that of our primary model (AUC: 0.856, 95%CI: 0.798-0.914) (p= .0265). The second model also performed unsatisfactorily in the whole group, yielding an AUC of 0.814 (95%CI: 0.768-0.861) (p= .0025) ( Figure 2f ).
Discussion
Unlike other biomarkers, autoantibodies are produced early in process of oncogenesis, and they are present in serum before tumor-associated antigens can be detected. 12, 31, 33 Therefore, the detection of tumor autoantibodies has great potential in early diagnosis of lung cancers, 34 especially for asymptomatic patients. The first diagnostic panel with autoantibodies for the detection of lung cancer, which had an AUC of 0.838, was proposed by Dr. Hanash; however, the study cohort was small, and validation was not performed. 25 Since then, the application of tumor-associated antigens in panels for the detection of cancers has been demonstrated by a number of studies. Nevertheless, these publications commonly report high specificity with relatively lower sensitivity and insufficient reproducibility in different cohorts. 24, 25, 31, 33, [35] [36] [37] [38] We speculated that the main reasons for these issues include the heterogenic nature of lung cancer and the screening strategy of using tumorassociated antigens. Although tumor-associated antigens can activate immune responses during the process of cancer immunoediting, 39 these responses may not be very strong in patients with indolent lung cancers, 12 and they can be affected by treatments. 40 The sensitivity of measuring a single autoantibody is also low due to the complexity and heterogeneity of lung cancer as well as tumor-associated antigen expression. 33, 41 Thus, to enhance the clinical value of a panel for early screening and diagnosis, we focused on optimizing a combination of tumor-associated antigens and autoantibodies instead of simply adding additional antigens for testing.
The tumor protein biomarkers CEA and CA125 have been widely studied as their predictive and prognostic abilities contribute to the detection of lung cancers, early relapse, and progression. [6] [7] [8] 42, 43 Both CEA and CA125 are expressed at relatively high levels in advanced-stage cancers compared to early-stage cancers. 6, 44 Dr. Doseeva studied a mixed panel of three protein markers (CEA, CA125, and CYFRA 21-1) and one autoantibody marker (NY-ESO-1), yielding an AUC of 0.81 in high-risk individuals with smoking history of more than 20 years. 44 Although her panel had a sensitivity of 74% and a specificity of 80%, 44 which were lower than our results, the comparable diagnostic performance of a novel multiplexed dual analyte immunoassay was confirmed.
In our study, the levels of two well-investigated biomarkers (CEA and CA125) and seven autoantibodies were separately measured in two randomly divided cohorts to establish a welloptimized model with strong predictive value. Significant differences were observed for each biomarker in the training cohort, but the mean values and standard deviations of single biomarkers were not used for further analysis in our study. Proper statistical analysis is important for data evaluation. Instead of defining positive results based on a single biomarker, a multiple logistic regression analysis was performed to select biomarkers for a mixed model and to generate the ROCs. Furthermore, pairwise comparisons of the ROCs of our primary model and each single protein biomarker were applied to assess significant differences. Unsurprisingly, statistical analysis confirmed that the single biomarkers had relatively low diagnostic performance in the training group, with AUCs ranging from 0.619 to 0.835. While the autoantibody against PGP 9.5 demonstrated the best predictive ability among the seven autoantibodies in both the training and validation groups (AUC: 0.743 (95%CI: 0.662-0.824) and AUC: 0.687 (95%CI: 0.604-0.770), respectively), it was not included in the mixed panel according to the results of the multiple logistic analysis.
Ultimately, the diagnostic model included four markers based on the statistical results, yielding a mixed panel with significant diagnostic performance (AUC: 0.897, 95%CI: 0.848-0.946) compared with that of CEA and CA125 (p< .05). Additionally, our model was validated with the test cohort, showing significantly better performance than that of each included protein marker (p< .05), with an AUC of 0.856 (95%CI: 0.798-0.914). To further analyze the predictive performance of the protein markers and the primary mixed model, a second model including only CEA and CA125 was established based on the same training group. However, our primary model demonstrated significantly better performance than this second model in the training, validation and whole groups (Figure 2d ,e,f).
Reasonable statistical methods are important for multiple factors analyses. In our study, Youden's index was employed to determine the cutoff value for establishing a well-optimized model with good discriminative ability. As the ROC shows, the sensitivity of our model was as high as 86.5% with a specificity of 82.3% in the training group, values higher than those of the previously published studies mentioned above. Although 31 healthy controls were misclassified by our model, resulting in a specificity of 60.0%, its sensitivity and NPV were as high as 87.5% and 82.5%, respectively, in the validation group, and significantly better diagnostic performance was demonstrated by the statistical analysis compared to that of the protein markers. Furthermore, a good combined diagnostic panel should cover broad clinical phenotypes to reflect the presence of lung cancers of different types as well as those in different stages; thus, studying the specific distribution of misclassifications and analyzing the diagnostic performance of subgroups may be of subtle importance. However, the proportion of lung cancers with ground-glass opacity (GGO) areas identified by high-resolution computed tomography (HRCT) is seriously increasing; consequently, a combined panel of blood biomarkers and with scanning for specific abnormalities may be of greater value than application of CT alone in the diagnosis of some specific types of lung cancers. Moreover, as surgical technology improves and the resection regions of small-sized lung cancers without lymph node metastasis have been innovated, 45 the underlying correlations between serum levels of autoantibodies and lymph node staging is worth being studied. As the enrollment of our candidates was completely retrospective, a relatively higher proportion of patients with smoking history resulted; thus, our primary model may have more stable predictive performance in cohorts of high-risk smokers, and more samples from nonsmokers will be collected for further validation in the future. Although the diagnostic accuracy of our model was 84.8% in the training group, 74.1% in the validation group and 80.0% in the whole group, no marker can provide 100% diagnostic specificity and accuracy. Individuals in the control group with positive results via our mixed model should be intensively followed up by imaging tests to exclude any occult cancers. Some limitations should be addressed. First, our study was retrospectively designed. Second, additional samples from non-lung cancer diseases such as benign lung nodules or chronic obstructive pulmonary disease (COPD) were not enrolled, which may limit the clinical utility of our model.
Conclusions
Collectively, a newly optimized panel that measures protein markers and serum autoantibodies against tumor-associated antigens was established by statistical analysis. Furthermore, we demonstrated that the model could significantly help detect lung cancer, which showed much higher efficacy than using protein markers alone. In the future, serial samples could be collected to further validate our model in determining lung cancer prognosis.
Material and methods
Blood samples and patient details
In the specimen bank of the Cancer Hospital at the Chinese Academy of Medical Sciences, serum samples of lung cancer patients and healthy controls between August 2017 and October 2018 were collected and stored. Totally, 180 blood samples of lung cancers were collected; however, 176 eligible samples were finally enrolled in our study. Meanwhile, there were 140 blood samples of healthy controls. Therefore, 316 blood samples of lung cancer patients and healthy controls were enrolled. To minimize the selection bias, each enrolled candidate was randomly assigned to the training group or validation group. This study was approved by the Chinese Academy of Medical Sciences Institutional Review Board.
Blood samples of patients with lung cancers and healthy controls were obtained before any anticancer treatment was given. Patients with lung cancers who met the following criteria were included: (a) no history of other malignant tumors and (b) surgical treatment was performed within one month after blood sampling. Healthy individuals in the control group were selected from Physical Examination Centers; these individuals were confirmed to have no lung nodules by chest X-ray or thin-sliced computed tomography as well as no history of malignant tumors. Following informed consent, all sera samples collected were stored in a serum repository at −80°C.
Immunoassay for serum autoantibodies
Before the experiment, we coupled MagPlex microspheres (Luminex Corp.) to seven proteins (10 µg of protein/million beads), individually. The microspheres were activated by N-hydroxysulfosuccinimide (sulfo-NHS) and 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC) solutions and were then incubated with proteins in the dark for 2 h at room temperature. Concurrently, the serum samples were diluted (1:150) with phosphate buffer.
Multiplexed serum immunoassays were performed using a Luminex MagPix Instrument (Luminex Corp.). Working microsphere mixtures were prepared by diluting the coupled microsphere stock for each protein to a final concentration of 10 beads/ µL (50 µL/well, 500 beads/well) in assay buffer. Fifty-microliter aliquots of each prepared working microsphere solution were added to wells in duplicate, and 50 µL of assay buffer were used as blank controls. Subsequently, 50 µL of diluted serum from each patient was added, followed by incubation for 60 min at room temperature on a plate shaker. After two washes with PBS, the immobilized autoantibody-protein complexes were incubated with detection antibodies (anti-Human IgG + IgA + IgM) for 30 min at room temperature on a plate shaker. The plates were then washed twice, and 50 µL of streptavidin phycoerythrin (SAPE, 4 µg/mL; Life Technologies) was added to each well, followed by incubation for 30 min at room temperature on a plate shaker. Finally, each plate was washed again, and 100 µL of drive fluid (Luminex Corp.) was added to each well prior to analysis. In addition, the CEA and CA125 levels were detected using a customized coupled microbead kit (Millipore).
Statistical analysis of the data
Shapiro Wilk`s test was used to assess normal distribution, and differences in the autoantibody levels between the cancer patients and healthy controls in the two cohorts were separately analyzed using nonparametric and Mann-Whitney U tests. In the training group, binary logistic regression was performed to screen for variables to comprise a panel with the best diagnostic performance. The area under the receiver operator characteristic (ROC) curve (AUC) was estimated with 95% confidence intervals (CIs) using predicted probability values to assess the discriminatory capacity of the multiple-variable model. Using the training group, Youden's index (YI) was calculated to establish the predicted probability cut-off for discriminating lung cancer patients from normal controls. In addition, ROCs for single markers and different subgroups were constructed and compared. Standard descriptive statistics such as frequency, mean value, median value, positive predictive value (PPV), negative predictive value (NPV), and standard deviation (SD) were calculated to describe the study population.
Statistical analysis was performed using SPSS 24.0, GraphPad Prism 5.0, MedCalc (Version 11.4.2.0) and Microsoft Excel. p values are two-tailed, and a p value less than 0.05 was considered to be statistically significant.
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